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Abstract

Intended as an overview aimed a[ potential users of rcmo!cly  sensed spatial distributions and
temporal variations of soil nloislure,  [his papcrbcgins  wfith  an introductory section on the funda-
n]entals ofradar i[l]agimg andasstJciatcd attritlutcs.  Toplaccthc  soil moistrrrc sensing task in proper
pcrspccfivc, (he prerequisite step of classifying terrain into four basic types---bare surfaces, short
vcgcta[ion,  tall vcgc[ation,  and urhan - isaddrcsscdhy  ricmonstrating  howadual-frequency polari  -
mctric  radar can correctly classify terrain with an accuracy greater than 90%. Over S000 irnagc
[,ixc[s wilhknown  terrain identity wcrcinvolvcd intttccvaluation of theradar  inlagcclassificr.  For
bare soil (with vegetation cover shor[cr  than 15 cm), radar can cs[irnatc the volumetric moisture
contcn!  (cxprcsscd in per cent) of the Iop 5 cm soil Iaycr with  an r.ms. crro[  of 3.5%. Based  on
thcore[ical model predictions as WCII as cxpcrirmntal ohscrvatiorss, strong cvidcncc exists in support
of radar’s potential forscnsing soil moisture under vegetation cover, but no operational algorithm
exists at present.

--— .—. — -.—

1. Imaging radar over-view

High-resolution imaging radar systems operate in a side-tooking mode as illustrated in
I:ig. 1. The imaging radar configuration most commonly used today is the synthetic aperture
radar (SAR) which transmits a series of pulses as the radar antenna flies across the imaged
scene, and then these pulses arc proccsscd together to simttlatc a very long aperture capable of
very high angular resolution along the direction of flight (Ulahy  ct al., 1982; Elachi, 1988;
[Jrrlander  and McI>onough, 1991). l’he along-flight direction is usually called the azimuth
direction and the direction across the imaged swath is called the ground-range direction. Thc
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incidence angle

resolving capability of an SAR along the ground-range direction is realized by transmitting
very short pulses. I;or a pulse of length TP, the ground-range resolution is:

(1)

where c is the velocity of light and O is the incidence angle. Because of the sin O depen-
dence,  SAR systems are sclciom used to image the ground surface at angles smaller than
15°. In the azimuth direction, the ultimate resolution of an SAR is

r a =1.,/2 (2)

when 1,, is the antenna length,
The purpose of this section is to present an cwcrvicw of the operational character-

istics of an SAR  system and to relate t}le quantities measured by the radar to the
scattering parameters of the inlagcd sccnc. TO  focus the discussion on spaceborne
SAUS in particular, wc shall often usc the Shuttle Imaging Radar-C (SIR-C) for
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Fig. 2 Deployed antenna in the shull]c  l’ayload  IIay

illustration purposes ([Jig. 2). SIR-C, which flcwI  on the Space Shuttle in April and
October 1994, is a joint LJS-Ilrropcan design consisting of two polarirnctric SARS
operating at I.-band (23.5  cm wavelength) and (:-band (5.8 cm wavelength), both
designed and built by the Jet Propulsion I-.atmratory  (J1’1 .), and a single polarization
SAR  operating at X-band (3.1 cm wavelength), built by a joint German-ltalian
consortium. Table 1 provides a summary of the SIR-C- X-SAR  system characteristics
(Jordan et al., 1991).

1.1. SifIgle-look w. mli[ti look resolution

l’he single-look resolution of an SAR  system refers to the resolving capability that

l’able 1
SIR-C–X-SAR  system characteristics

_—. —
Parameter I.-Iland
—-
Orbital altitude (km) 225
Wavelength (m) 0,235
Resolution (m) -30 x 30
Swathwidth (km) 15-90
lmk angle range (from r!adir) 1743”
— .

C-Ihnd X-Band

?25 225
0058 0.031
-30 x 30 - 3 0 X 3 0

15 90 1540
17 63° 17-63°

_—— _ _—— —.—. . . .
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I’Ig. 3. A dual-polari?.ed  radar antenna has two sets of elements, rmc for transmitting (or receiving) waves with
horizontally polarized electric fields and the o[her for vertically polarized elcc[ric  fields.

can be provided by an SAR, given its antenna length, pulse length  (or bandwidth) and
incidence angle. Corresponding to SIR-C’S 12 m long antenna and 20 Mllz  bandwidth, the
single-look resolutions arc r, = 6 m and r~ = 15 m at an incidence angle O = 30°. Singlc-
Icsok images arc not used in practice for interpretation purposes because such images
arc noisy in appearance owing to the coherent nature of the imaging process (Ulaby
et al., 1986). 10 reduce tbc noise, or image spccklc, the resolution is degraded by
averaging several pixels together. Typically, several pixels arc averaged along the
a7.imuth dimension of the image, as well as along the range dimension if necessary, to
pIoduce an image with pixels having approximately square dimensions and representing,
[he average of several looks. For SIR-C–X-SAR,  this multi-look resolution is of the order
of 30 m x 30 m. Thus, to a user of SAR imagery, this multi-look resolution is a more
meaningful measure of the resolution capability of tbc system. Single-look images arc
used for special purposes, such as system performance
cxpcrimcnts.

1.2. l’olariza(ion

Wave polarizaticm  refers to the direction of the electric

evaluations and calibration

field of the electromagnetic
wave transmitted or received by a radar antenna. IFor a horizontally polarized antenna,
its elements are configured to transmit or receive waves whose electric field points
only along the length of the antenna (Fig,  3), which is also parallel to the Earth’s
surface. The electric field direction for a vertically polarized antenna is along its
hcigbt  dimension, as illustrated in Fig. 3. Because the process by which radar
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w a v e s  arc scatlcrcct by terrain sor[accs  and volumes (such as  vcgcialion)  is a
funclimr  of the polarization of the incidcrrl wave, radars usc mul!iplc  polarizations
10 image terrain, to incrcasc the amounl of information cxlrac[ablc from radar
images. If the incident wave is horizontally polarized, Ihe energy backsc.allcrcd
towards the radar will, in general, consis[  of a wave that is also horizontally
polarized, as well as a wave that is vertically polarized. “1’hc  Iattcr is referred to as
cross-polarized.

A polarimctric rada[,  such as tbc [.-band and Cband  SAKS of SIR-C, is capable of
mcasuringthc  radar response for VV, 1{[[, fiV, and VfI, where tbc first Icttcrderrolcs the
polariz.ationof  the rcccivc antenna and (he second [c[tcr denotes (IIC  polarization of the
transmit antcrrna. Bccauscof  a rcciproci[y propcr[yof  radar scattering, the responses for
[[V and VI{ arc identical. “1’hc quantity rncasurcd  by the radar is ca[[cd a scattcrirrg matrix,
which later is ccrnvcrtcd to the scattering coefficient IJo (LJlaby and [;[achi, 1990). The
scattering cocfficicnt,  which is a onitlcss  quantity rcprcscnting  the radar cross-section
(in n~2) of a given pixel  on the ground pcr unit (physical) area of that pixel (in n~2),  is
akin tothc optical reflectivity responsible forttlc intensity rcccrrdcd  by an optical imaging
system. To denote the rcccivc–transmit  polarization combination associated with the
scattering cocfficicnt,  the latter is denoted by o,,”, where ij = 1{ or V. Often, bccausc
u,,” may exhibit a wide dynamic range, it is cxprcsscd in dccibcls:

Uti” (dIl)=l Ologui10  (n12 nl-2) (3)

In addition 10 measuring uhh”,  UVV”, and uh,”, which collectively are rcfcrrcd  to as the n]ulti-
polariz.cd magnitudes of tbc scattering response, a polarimctric  radar can rncasurc the
polarization phase diffcrcnccs  between the multi-polarized backscattcrcd  wavcs:co-polar-
izcd phase diffcrcncc:

d.= dhh ‘- 
6“ (4)

cross-polarized phase differcncc:

& =  dh, -  d%, (5)

In practice, ~. has rm[ been f<,und to contain nt~lctt useful inforn]atiorr  about the irnag,cd

sccnc.  In contrast, the co-polari7cd phase difference @c has proved to bc a very useful

pararnctcr in image classification.
In summary, a polarimctric  radar is capable of producing five basic products of the

imaged sccnc,  narncly three images representing the magnitudes u~~o,  uWO, and u~VO,
and two irnagcs representing @c and @X. All five co-registered images are manifesta-
tions  of the scattering character of the scene, and arc indcpcndcnt of all systcrn
parameters except for the wavelength A and the incidcncc angle O at which the
sccnc is imaged.

1..3. Swathwidh

SIR-C was designed to gcnciatc images with swathwidths varying bctwccn 15 km and
90 km, depending on the specific mode selected for imaging. The different modes
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[Sl(cr frequency Wavclcnglh
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[’-[land 044 68
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X.11’ln(l 9.6 31
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correspond to different combinations of bands, polarizations, and spatial resolution. l’hc
constraint is imposed by the data rate allowabic  I)Y (he “l”DRS ccrn]municatimr  charlncl.
Grnccptually, it is possible 10 image the terrain with a 30 m spatial rcsolulion over a swath
several hundred kilometers in width. l’his can bc achicvcd by increasing the I’I)RS data
rate, or by partial preprocessing of the SAK data on board before transmission At this
stage, SIR-C isregardcd  as an cxpcrimcntal  systcn)  providingtbc  opportunity locvaluatc
the use of space SAR data for a variety of oceanographic, geologic, hydrologic, and
ecological applications.

1.4. Micro wovchnd

SAR systems arc designed to operate at specific frcqucncics  (wavelengths) designated
by the Federal Communication Commission asallowablc  bands for radar transmission.
Table 2 provides a summary of these bands for the commonly used part of the microwave
frequency range,  togcthcr with tt~ccon~n~only  tiscd lcttcrdcsignations.

I’he choice of bands for remote sensing is dictated by two sets of factors: (1) technology
ccmsirtcrations,  such as the availability of spaccqualificd  power sources to provide the
necessary transmitter power; (2) the dcpcndcncc  of the scattering by and propagation
through terrestrial media on wavclcrrgth,  F’urthcr  discussion of the ro[c of wavelength
relative to the soil-moisture sensing problem is given in Scclion 3.

2. Image classification

Section 3 and Section 4 of this paper discuss the status of algorithms used to estimate
soil moisture conten[  from thcmcasured  radar rcsponsc for bare-soil surfaccsandvcgcta-
tion-co\'crcd  surfaces, rcspcctively.  llcforc thca~~plication  ofsuchalgorittlms,  howcvcr, it
is ncccssary  to classify the imaged sccnc with as much detail as possible. Numerous
tcchniqucshavcbccn  proposed for classifying terrain on the basis of SAR images (Wu
and Sadcr, 1987; Kong et al., 1987; Yuch et at., 1988; I,im ct al., 1989; Lin and Alicbach,
1990; Rignot and Chcllappa,  1992; Van 7,yl and Ilurnctte,  ]992; L.ozano-Garcia  and
I [offer, 1993; Wong  and Posncr, 1993). In this section, wc dcscribc the capability of an
SAR image classifier that was dcvclopcd at the University of Michigan in support of the
SIR-C  April 1994 mission, as well as the JPI, AIRSAR,  which is an airborne versicm of
S1 R-C. Actually, the classifier is part of an image interpretation processor dc!signcd to
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Fig.  4. Block  diagram for the SAk!  Image Interpretation Processor developed at the University of Michigan.

extract various types of terrain data from the [.. band and C-band polarimetric  radar data
(Dobson  et al., 1995; Pierce et al., 1994). A diagram of the image interpretation processor
is shown in Fig. 4. After calibrating the SAR images (using techniques that were
cleveloped over the past 5 years at JPL and the University of Michigan), a Level-1 classi-
fier is applied to classify each pixel in the imaged scene as urban, tall vegetation (trees),
short vegetation (grasses and crops), or bare SUI face. Dare.  surfaces include water surfaces,
roads, and bare soil surfaces with vegetation cover less than 15 cm in height. A
summary of the operation of the Ixvel-1 classifier and its identification accuracy is
given in Section 2.1.
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an accuracy of 98~0.  ~omparable  results arc ob[aincd for the short-vegetation and barc-
surface classes (Table 3), but not for urban pixels. I’hc classification accuracy for urban
pixels is only 30% because although the gcog[aphic  information data base would identify
an area as urban, in reality that area may contain vegetation and other types of cover;
therefore, it is not possible for the radar to classify it as urban, Table 3 contains classifica-
ticm results obtained by the same classifier when applied to two different test sites, imaged
3 months apart. In each study, over 5000 image pixels with known terrain identity (estab-
lished by direct ground observations) were involved in evaluating the accuracies given in
Table 3.

3. Radar estimation of bare-soil attributes

The magnitude of the backscattering  coefficient o“ of a ground surface observed by
a radar systcm is governed by two quantities: (a) the dielectric constant of the ground
surface; (b) the roughness of the surface. ‘the cliclcctric constant is, in turn, very
slrongly dependent on the moisture content of the soil surface layer, and to a much
lesser extent, on the soil textural composition and physical temperature (for non-
frozen soil). Accordingly, this section deals with three topics: (1) the rclaticmship
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Fig. 7. Scallerogram for two SAR parameters, Uh.”(l.) and u,h”(l.), used for separating tall vege[alion pixels from
all others wi[h an accuracy of 98%

between the dielectric constan!  of a soil medium and its physical properties; (2) the
depth of pcnctraticrn associated with a microwave propagating in a soil mcdiurn; (3)
the algorithm used for cslima[ing the soil’s moisture content from the observed radar
response.

l’able  3

Class i f icat ion rcsul[s  for two areas inlagcd  3 months ap~rl, no urlmn areas  were present  in the Raco a!ea
__— —

True class

Classified a$ Urban l’all vcgclation Shorl vegetation hare surface
.—

I’ellslon,  hfI

Urban 30.7 0.22 0 0.06
Tall vegetation 37.9 98.32 0 0
Short vegetation 2&5 1.46 94.74 0.87
Bare surface 2.9 0 5.26 99.07

Race, Ml
Urban o 0 0
Tall vegetation 100 0 0
Short vegetation - 0 99.12 2,06
flare surface o 0.88 97.94
_—— ——— .——. ——— — —. ..— —— —.—. —— — -——
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.i, 1. .Yoil diclcc(tic  ptoiwt  (ic,s

“1’hc  dielectric constant 6 of a rnatcrial, which is a fllrrdamcn[iil  properly that charac-
[crizcs  both the reflection and at[cnua[ion properties of a wave in[cractin~ wilh that
malcrial, crmsis[s of a real parl C’ and an imaginary fxlrt c“:

(=t ’-j”r” (6)

‘I’hcdiclcc[ric  constant < isrclatcd  to (Iw index of refraction of the nliitcrial, u,by

tl==fi (7)

‘[’he index of refraction also is a COIIIpIC~  quan[ity  composed of a real par! n’ and an
imaginary part n“:

tf =tt’ – jn” (8)

and these two parts arc related to c’ and (“ by

)J’= ~C{~C} (9)

n“=[tm{fi}l (10)

and the inverse relationships arc given by

f’ = (n’)z – (tf”)2 (11)

(“ = 2tl ’tl” (12)

Fora hornogcneous  soil mcdiurn  wilt] a flat surfacc, the reflectivity fornadirincidencc  is
given try

(13)

l’hc reflectivity I’ dctcrmincs  the fraction of the pmvcr incident upon the surface that is
reflcctcd  back by the surface, and Ihc trar]smiwivi[y  7’ dctcrrnincs the fraction transmitted
across the air–soil boundary into the soil nlcdium.  Conservation of power requires that

7=1--r (14)

For incidcncc at ang,lcs other than normal incidcncc, the incidcncc angle O also is involved,
as is the polarization of tbc wave. If the soil surface is not perfectly smooth, the incident
power is scattered in many directions, including the backscattcr  direction (Fig. 8). The
component scattered in the backscattcr direction provides the link bctwccn the power
received by the radar and the properties of the soil medium.

The power transmitted into the soil rncdium decays exponentially at a rate governed by
the attenuation coefficient of the soil rncdiunl,  cr, which is related to n and [ by

(15)

If t of the soil rncdiurn  is not constant with depth, then both I’ and a arc governed by the
depth profile of c for the Iaycr between the surface and approximately 6P, where C5P is the
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F’Ig. 8. lle angular d(s[ribu[ion  of energy SC4[IC  rcd by a surface depends on ils roLighness

penetration depth of the soil medium. For a homogeneous soil medium,

6P= -1-
2cl

(16)

The preceding material provided the basic relationships between the soil dielectric con-
stant [ and the reflectivity I’, attenuation coefficient a and penetration depth 6P. Now we
shall examine the dependence of ( on the soil’s physical properties. This dcpcnderree  is
also a function of the microwave frcquerwy  ~. I’o avoid ovclconlpliea[ir@,  the. picture,
however, we shall limit most of the discussion to the L-band region ~ M 1 GHz), which
is qualitatively rcprcscntative  of the entire flcquency range usually considcted  for soil
moisture sensing (0.4--10 GIIz).
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For oven-dried soil, the real part c’ va[ics bc.twecn 2 and 4 (depending on the soil bulk
density p~), and is essentially indcpcndcnt  of both tcmpcra(urc  and frequency. The inla-
ginary part, c“, is typically lCSS than 0.05. In contrast, the dielectric constant of water al
1 GIIz at room ternpcraturc is (’ -80 and c“ - 4. (hrscquently,  the addition of water to soil
causes the dielectric constant of the mixture to incrcasc, with the increase being governed
by the volume fraction of the mixture composed of water. I~ig. 9 shows plots of c’ and C“
as a function of the volumetric water content m, fm five soil types. In all cases, hc)th c’ and
t“ exhibit strong variations with mv, and relatively weak sensitivities to soil type. Also, for
rrlV > 0.05, the soil bulk density gr~ dots not influcrrcc  (,  as long  as the water content is

expressed on a volumetric basis.
Unless it charrgcs phase into ice, water exhibits a relatively weak dependence on

temperature. IIencc,  the soil–water mixture also is insensitive to physical temperature
for 7’> O“C. A large change, however, takes place as the soil freezes, as indicated by the
curves in Fig. 10.

3.2. Penetration depth

“rhe plots shown in l:ig. 11 depict the variation of the penetration depth 6P with volu-
metric moisture cxmtcnt m, at three rnicrowavc frc.clucncics for a homogeneous loamy soil.
At L-band (1.3 GH7.), the depth decreases from I m at m, = 1% down to 6 cm at 40%. As
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mentioned above, the penetration depth is a measure of the thickness of the top surface
Iaycr of the soil medium governing the backscattcr  observed by a radar systcm (or the
emission in the case of passive rnicrowavc  sensing). It dots not follow, however, that the
penetration depth is equal to the thickness of the soil layer whose moislurc is nicasured by
the radar. This is bccausc not only is the near-surface soil moisture important, but so is the
depth profile of the moisture content over the extent of the penetration depth. As a first-
order approximation, wc f]nd in practice that the thickness of the Iaycr whose moisture is
estimated by I,-band radar is of the order of 5 cm.

3.3. Radar a[gorithrn for mccwiring soil mois(urf  confcnt

Ilccausc the soil dielectric constant exhibits a strong response to moisture content, so
dots the backscattering coefficient o“. Iiig. 12 depicts the variation of o“ with m, for two
soil surfaces with different roughncsscs,  where roughness is rcprcscntcd by the standard
deviation of surface height s (also called r.m.s. height). If the surface roughness remains
approximately constant or varies over a narrow range, it is possible to usc radar to monitor
the change in moisture content, as a function of time for example, but it is difficult to
measure rrtV on an absolute scale. In the general c.asc, it is ncccssary to usc a multi-channel
radar to measure both s and rn$ . I’his  can be done by using a single-frequency mutti-
polarization system capable of rncasuring  all three linear polarization components of u“,
nanlcly  uhh”, fJWO,  and uh,”.
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Fig. 12 Comparison of !he hackscat[ering  responw 10 ml of a smooth surface and a rough surface for 0-20” at
~- 1.5 G}!z (L)lahy et al, 1986)

The algorithm given in Fig. 13 uses two radar-dcrivecl  parameters as input--(a) p = u~hO/
u 0 the co-polarized ratio; (b) q = u~vO/uWO,  the cross-polarized ratio–-and provides thew ?
roughness parameters and volumetric moisture content m, as output (0}] et al., 1992). l’his
algor i thm is  based on a model  and extens ive exper imenta l  data measured at  I . -band

The moisture content m, represents the average moisture content of the top 5 cm layer.
The performance of the soil-moisture estimation algorithm is shown in Fig. 14, where
radar-derived cstirnates of s and tn. arc compared with corresponding values measured
in situ.

Although this technique was derived for bare-soil surfaces, it is equally applicable to
soil surfaces with modest vegetation cover. If the vegetation is less than 10– 15 cm ir]
height, the presence of the vegetation eovcr imparts a minor effect on the radar response of
the underlying soil surface at low microwave frequencies (such as I.-band). For dense or
tall vegetation cover, it is necessary eitbcr to modify the estimation algorithm by account-
ing for the attenuation and scattering effects of the vegetation, which would require the
availability of independent information about the vegetation structure and biomass, or to
use a different algorithm that utilizes rnulti-frequency radar observatio~ts.  This topic is
discussed in the next sec[ion.

I
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4. ]tmects of vegetation rover

The Tadar  backscat(cr  for a vegetation-covcrcd soil surface consists of three types of
contributions:

where O“, is the backscattcr  contribution of the (bare) soil surface, 7C is the two-way
attenuation of tbc vegetation ]aycr, o& 0 is the direct backscattcr contribution of the
vegetation Iaycr, and u,.,” rcprcscnts  tnultiplc sc-attcring involving the vegetation CIC-

mcnts and the ground surface. l’hcsc mechanisms arc illustrated diagrammatically in
[Jig. 15. For vcgctaticm with above-ground biomass  less than ().5 kg n]- 2, 7? - ] and the
second and third terms in I{q. (17) arc ncgligih[y small, and thcrcforc the effect of the
vegetation COVCI  may bc i.gnorcd. In the g,cncral case, u 0 is governed by the soil propcr(ics
(roughness and moisture content) as WCII  as [bc structure and biomass of the vegetation
cover,

The vegetation-related quantities depend on Ihc radar wave parameters: the wa\relcngth
h, polarization configurations of the transnlit aml rcccivc antennas, and the incidcncc angle
0, and on the vegetation geometry and diclcc[l ic properties. As with soil, the dielectric
constant of vegetation is strongly influenced by the moisture ccmtcnt.  Vegetation geometry
includes both the macrostructurc  of a vcgctatiorl canopy, such as the height of the canopy
and the number of plants or trees per unit area, and tbc microstructure, which refers to the
stalks and Ieavcs. J:or well-cbaractcrized canopies, it is possible to usc clcctromagnctic
scattering models to compute the radar backscattering coefficient u“ and its constituent
components, as given in Eq. (1 7), for any radar wavelength, polarization configuration and
incidcncc angle. l’hcsc models arc highly complex, owing primarily to the complex nature
of the vegetation scattering medium, and thcrefolc  it is not possible to describe thcrn in any
adequate detail in this paper. Instead, wc will examine the effects of vegetation cover from
the standpoint of sensing soil moisture through a combination of model calculations
and cxpcrimcntal  observations. “I”hc  rnodcl  calculations arc based on the MIMICS
code (Michigan Microwave [;anopy Scattcrin~  Model), which is a vector radiative
transfer forniu[ation that accounts for single scattering mechanisms involving single
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canopies: ~,raw  (height 1 m, IAI  7, dry biomass 1 3 kg m ~. Icaf dcn<i(y 25000 n)-’, leaf mnis!ure  comenl  0.8),

wheat (height  1 m, [Al 2.2, s(cni  dcnsify  5(M)  n)”’, leaf dcn\l[y  2SM en-l, leaf n]oi\[urc conmnt  0.8), and corn

(height 25 m, 1A] 4.56, dry t)imnaw  1.84 kg m’z, nmi\~urc  con[cn[  () 8) Ihc  c a n o p y  paranlc~ers  a r e  b a s e d  on

f ield dam for mature  vcgc(atinn

interaction between the vegetation clcmcnts  and Ihc underlying soil surfaces (LJlaby
ct al., 1990).

4.1. Backs catCcr  response

Fig 16 depicts the variation of u“ with biomass for a layer of grass above a soil surface,
for each of several soil moisture conditions, and IJig.  1‘1 shows the soil moisture response
of cr” for three. types of vegetation cover. For cacti vegetation cover, the vegetation para-
meters were selected to rcprcscnt  fully mature conditions, and thcrcforc the most difficult
from the standpoint of wave penetration through the vc.gctation layer. l“hc plots given in
Fig, 16 and Fig. 17 arc based on model calculations performed using the MIMICS code. It
is clear from these figures that to measure soil mois[ul  c content with radar, it is ncccssary
to have information about the vegetation cover. A possible approach for obtaining this
information is to use a multi-frequency radar systcnl that can sirnrrltancously  estimate both
the soil and vegetation parameters of interest, [)iffcrcnt frcqucncics  exhibit different

traosrnissivitics  through a vcgc[ation  canopy (as illustrated by Fig. 18) as WCII as different

scattering responses.
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Ilxtcnsivc experimental cvidcncc supports the conclusion that radar waves can penetrate
through vegetation, particularly in the Iongcr-wavelength segment of the microwave band
(A >5 cm). Two examples arc providecl in I:ig. 19 and Fig. 20, with the former showing
measured valucsofu”  asa function of soil moisture content for fields planted in soybeans
and mile, and the latter showing similar plots based on SIR-II mcasurcmcnts  for various
typcsof  covcr. individually, foreachofthc vcgctatio ncovcrs,o” exhibits a good response
torn,; however, the responsccurvcs  have different slopes and intercepts, again pointing

out the need 10 dctcrminc  thcvcgctation  parameters in corljunction with the soil sensing
problem. This may be accomplished through the usc of n]ulti-frequency multi-polarization
observations to simultaneously estimate both the soil and vegetation-cover parameters
governing the radar backscatter.  Suc}l an approach is being pursued by both the University
of Michigan and JPI..

S. Soil moisture maps from AIRSAR  and SIR-C

In 1992, the JPL AIRSAR  system was flown on eight different days from If) June to 18
June over the Liltlc Washita  watershed in southwestern Oklahoma. I’hc SAR observations,
which were parl of a major NASA-suppoItcd  hydrology field investigation known as the
Washita ’92 Experiment, were made from a nominal tlight altitude of 7.9 km. This section
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provides a brief description of the SAR systcm, followed by a presentation of multi-date
soil rnoislurc  maps gcncra[cd on the basis of the radar images. Only a cursory description
of the Washita test site is given in this paper, as it has already been well characterized in
the paper by Jackson and [-c Vine (1996).

5. I. A[RSA R itistrumwt

The AIRSAR  instrument is a fully polarimctric rnul!ifrcqucncy  SAR system mourr[cd
onboard a DC-8 aircraft operated by NASA–  AIUCS (Van 7.yl et al., 1992). The radar
acquires data on the left of the nadir track as the aircraft flies at an avera~e velocity
of 420 knots. It measures the full scattering matrix by transmitting alternately 1[- and
V-polarized waves and receiving with two antennas of perpendicular polarization
orientations. It crpcratcs at C-band (5.7 cm), 1.-hand (24 cm) and P-band (68 cm) simrrlta-
ncously, producing three sets of overlapping data.

The recorded raw data return must be proccsscd  on the ground into SAR imagery. The
standard processed frame size (for 20 Mf [z data) is 12 km in the along-track direction by
8.5 km in the across-track direction with a pixel size of 6.6 m x 12.1 m in the across-track
and along-track directions, respectively. I“he calibration of the data is performed in the
processor by using both the calibration parameters dcl ivcd for the flight campaign and
routine system tests. Fifteen trihcdral  corner reflectors, each measuring 2.4 m on a side, arc
deployed on the Rcrsamond dry lake bed in California to eovcr the full radar swath. The
calibration site is imaged at the bcgiuning  of the radar campaign and calibration
parameters are derived matching the radar cross-section of the trihcdral reflector to its
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199~ ‘Ihc fir~[ d:iy was cx[rcmely v.’ct and the second day was dlicr

2 week.s. No additional precipitation occurrc.d bctwccn 10 JLInc and Ihc final flight cm 18
June, leading to continuous dry-down bctwccn those two dates. ‘1’his dry-down pattern is
clearly rcflcctcd in the soil -mois[urc  cstinlatcd  maps shown in l;ig. 21. \vith the 10 June
map bcirtg predominantly dark blue, denoting high mois[urc  ccrntcnt, and the maps corre-
sponding tu srrccccding  dates exhibiting progressively lar~~cr scgrncnts that are yellow,

denoting low nloisturc states. I’hcsc results arc particularly significant in view  of [he fact
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[’Ig  23 Comparison  of radar-es[lmatcd  so i l  moi~turc  valLIes  fo[ b.ifc-s~)it fields wl[h In situ meawrernents  The
SASf (,hservarions  were  cxtractcd from several AIKSAK campaigns  and fron)  SIR-C overpasses in April 1994.
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that the moisture maps were generated by an algorithm that had been developed on the
basis of radar measurements for bare-soil surfaces, with no attempt made to correct or

account for vegetation cover (detailed land-use and soil-type maps arc available in the
paper by Jackson and I-e Vine, 1996).  Scattering from vegetation will result in a higher
uhhO/~WO ratio than scattering from a bare surface alone. This will cause the algorithm to
underestimate soil moisture over the vegetated field, The effect can be seen in the 10 June
map, where the areas in yellow (dry) correspond to the more heavily vegetated surfaces,
Fig. 21 includes a typical example of a quantitative comparison between the in situ
measurements of soil moisture for onc of the bare-soil fields and the corresponding values
estimated by the radar algorithm.

5.3. SIR-C SAR observations

During its April 1994 mission, the SIR-C instrument aboard the Space Shuttle
accprired SAR imagery of the Washita  test site on 1 t- 17 April. Fig. 22 shows an
L-band single-polarization image of a 25 km x 2.5 km area, and soil moisture maps for 12
and 15 April. Ile soil moisture maps were gcncratcd by applying the same SAR algorithm
as described above in conjunction with Fig. 21. The average soil moisture over the site was
estimated to be in the neighborhood of 20% on 12 April, compared with only 10% on
15 April. This is because no rain had occurred over this time period. The significant change
in moisture is reflected in the color change towards yellow between the two moisture
maps.

Fig. 23 provides a summary of the quantitative analysis derived from both the AIRSAR
and SIR-C SAR observations over the Washita  test site. Comparison of soil moisture
values estimated using the SAR inversion algorithm with their field counterparts based
on direct in situ measurements reveals good agreement between tbcm. With volumetric
soil moisture expressed in pcr cent, correlation analysis indicated that the overall r.m.s.
error is 3.5Y0.

The rcsrrlts of the Washita 1992 AIRSAR and 1994 SIR-C SAR campaigns, which arc
based on onty I.-band observations, arc strong testimony to ladar’s  potential as a soil
moisture mapper. ~urrent  research aims to usc both 1.- and C-band observations to
simultaneously estimate both soil moisture and vegetation biomass of vegetation-covcrcd
areas, thereby providing more accurate soil moisture maps over a wide range of cover
conditions.

6. Concluding remarks

The highlights of this overview presentation are as follows:

1. the combination of L- and C-band polar imctric SAR observations can provide
Level-1 terlain classification accuracies of the order 90% or better for tall vegeta-
tion (trees), short vegetation (grasses and crops), and bare surfaces (water, roads,
and bare soil).

2. For bare-soil surfaces, multi-polarization I.-band observations can be used to estimat.
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dcgrcc of accuracy. I’hc cstinlaticrn  algorithm is equally applicable for vegetation-
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covcrcd surfaces if (tic vcgcta[iorr  height is IC.SS than 1S cm.

,
, ,~ ,, },’

For vc~ctation-covcrcd  surfaces, the radar response is grwcrncd by bolh tbc soil and I/’)’
vegetation parameters. Strong evidence cxisls 10 sugg,cs[ that it shou]d  bc possib]c  to
develop a radar algorithm for cs!inlating  soil rmois[urc  in the prcscncc  of Vcgcta(ion
cover. Such an algorithm is currently under dcvclopn~cnl.
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